A graphite furnace is generally employed to generate atomic vapor of analyte species for atomic absorption spectrometry (GF-AAS). It is electric-thermally heated along with a suitable temperature program for each analyte element to be pre-determined, to obtain an analytical value with higher sensitivity as well as better precision.
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The temperature is stepwise varied, which usually comprises drying, charring, atomizing and cleaning stages, and then the charring and the atomizing stages should be especially optimized among them. Commercial apparatuses for GF-AAS have a radiation thermometer device to control heating of the furnace with a temperature program. However, the temperature estimated with this device is measured on the outer wall of the graphite furnace, and therefore it does not necessarily correspond to the gas temperature in the furnace. The gas temperature, which is defined by the average kinetic energy of the atmospheric gas, 2 is considered to be an important physical parameter for controlling atomization occurring in the furnace. It should be monitored during the atomizing stage.
It is difficult for a radiation thermometer to yield information on the gas temperature directly, because of a difficulty in measuring any transient variations in the atmosphere temperature inside the furnace. Only spectroscopic methods can be applied to obtain such information, due to their ability of remote sensing as well as rapid response. A two-line method, where a characteristic temperature is estimated from the atomic absorption for two spectral lines having different lower energy levels, can provide a gas temperature under the thermodynamic equilibrium condition. 2 Several papers have been published on the gas temperature of an atomizer in GF-AAS obtained with the two-line method. [3] [4] [5] [6] [7] [8] [9] [10] We investigated variations in the gas temperature with the progress of an atomization stage occurring in a graphite furnace, in order to discuss the atomization process of cadmium and tellurium, by using a two-line method where iron was employed as the probe. 11 We also discussed the degradation process of a graphite furnace with repeated atomization by measuring the gas temperature. 12 In this paper, temporal variations in the gas temperatures, which were simultaneously monitored by the two-line method with each line pair of two probe elements, were compared to validate measurements of the gas temperature during their atomizing processes. For this purpose, iron and nickel were employed as the probe elements, and two iron atomic lines assigned to the 3d 7 4s-3d 6 4s4p transition and two nickel atomic lines to the 3d 9 4s-3d 8 4s4p (3d 9 4p) transition were measured. Each absorption was monitored and then converted into a characteristic temperature under the assumption of the Boltzmann distribution.
Temporal changes in each gas temperature within the furnace were investigated when the atomizing temperature was varied as an experimental parameter in heating the furnace, indicating that their variations resulted not only from the temperature distribution in the furnace but from diffusion of the probe elements occurring in the atomization process. The gas temperature of atomospheric gas in a graphite atomizer was measured during an atomization stage in graphite furnace atomic absorption spectrometry (GF-AAS), by using a two-line method under the assumption of Boltzmann distribution. Iron and nickel were chosen as the probe elements to compare the gas temperatures obtained with different pairs of spectral lines. The atomic absorptions of two iron atomic lines and those of two nickel atomic lines were simultaneously monitored to obtain their absorbances for the temperature determination. Their gas temperatures were lower than the wall temperature which was monitored by the conventional temperature control for GF-AAS. Furthermore, the temporal variations at the atomizing stage were different between the iron lines and the nickel lines: the maximum peak of the nickel gas temperature appeared to be more delayed and broadly than that of the iron gas temperature. This result could be attributed to the fact that nickel species began to be atomized a little behind iron species, probably because it was more difficult to reduce nickel oxide with graphite carbon than an iron oxide when these oxide species would be formed at the charring stage. A graphite furnace varies the temperature during the atomizing-duration time and also the distribution becomes inhomogeneous at different portions; therefore, the gas temperature would provide overall information along the optical path of incident radiation, when the probe elements diffuse in the furnace. The two-line method enables variations not only in the gas temperature but in the atomizing of probe elements to be directly determined, due to the ability of remote sensing and rapid response. 
Notes

Experimental
The principle of the two-line method has already been described elsewhere.
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This method is based on the difference in the number density between two energy levels, which can be determined by a characteristic temperature under thermodynamic equilibrium. 2 The temperature can be estimated from the absorbance ratio between two spectral lines whose lower energy levels are different. In this study, a pair of iron atomic lines: Fe I 372.0 nm and Fe I 373.7 nm, and that of nickel atomic lines: Ni I 310.2 nm and Ni I 341.5 nm, were employed as probe lines for the temperature measurement. The assignment and the transition probability of these spectral lines are summarized in Table 1 . 13, 14 The gas temperature of an atomizer can be determined individually from the nickel lines as well as from the iron lines.
A simultaneous multi-element atomic absorption spectrometer (Z-9000, Hitachi Corp., Japan) with an auto-sampler system was employed, which could be equipped with four individual hollow cathode lamps as the light source. In this study, two hollow cathode lamps of nickel and two hollow cathode lamps of iron (Hamamatsu Photonics Corp., Japan) were installed to monitor their atomic absorptions simultaneously. The discharge current was set to be 5.0 mA for all of the lamps. A background correction was conducted through the measurement program by using a dc-polarized Zeeman effect. The graphite atomizer employed was a non-pyrocoated tube without a platform (Part No. 180-7400, Hitachi Corp., Japan). The absorption values for each spectral line were recorded on a personal computer through an analogous-to-digital converter at an interval of 0.02 s, when the sampling was synchronized with a trigger signal from the spectrometer.
A nickel solution of 1.0 g/dm 3 and an iron stock solution of 2.0 g/dm 3 were prepared by dissolving each pure metal (99.9%) with 7 M-nitric acid for nickel or with 7 M-nitric acid containing a small amount of hydrochloric acid for iron. They were further diluted with deionized water for a working solution containing appropriate amounts of nickel and/or iron.
The temperature program during heating of the furnace was optimized when a test solution containing nickel of 2.0 × 10 -4 g/dm 3 and iron of 1.2 × 10 -4 g/dm 3 was employed. The method for controlling the temperature of these furnaces was based on the measurement with a radiative thermometer installed in the spectrometer, by monitoring the radiation from the furnace; therefore, the temperature of the furnace wall was directly estimated. The drying stage was carried out at 353 -423 K for 30 s and the cleaning stage at 3273 K for 10 s. The charring stage was conducted by heating the furnace up to 973 K for 30 s and then holding the charring temperature for 30 s. The atomizing temperature was varied as an experimental parameter from 2273 to 3273 K. At the drying, charring, and cleaning stages, argon gas was introduced into the furnace at a flow rate of about 0.2 dm Figure 1 shows variations in the absorbance for the Fe I 372.0-nm and the Ni I 341.5-nm lines when the atomization temperature was varied from 2273 to 3273 K. Each absorbance value was estimated from duplicate measurements. In this case, the furnace temperature was kept at a charring temperature of 973 K for 30 s, and then elevated to the corresponding atomization temperature for 1 s. Their absorbances monotonously increase with the atomization temperature, although the iron absorbance is a little reduced at 3000 K (the reason for this is unclear). Then, the absorbance of the iron line becomes almost constant at atomization temperatures of more than 2873 K, and that of the nickel line at atomization temperatures of more than 3073 K, indicating that it is a little difficult to atomize the nickel species compared to the iron species. It seems that the nickel species is atomized incompletely at the temperatures below 3073 K. The melting temperature of iron and nickel is 1812 and 1728 K, respectively, and the temperature representing a vapor pressure of 1.3 Pa was reported at 1720 K for iron and at 1783 K for nickel. Thus, the metallic states of iron and nickel have similar thermal properties. However, large parts of these metals are considered to be oxidized at the charring stage; therefore, the thermal property of the resulting stable oxide, such as Fe2O3 and NiO, should be taken into account. It is found in a thermochemical database 15 that, although both the iron oxide and the nickel oxide can be reduced with graphite carbon, the reduction of the iron oxide rather than the nickel oxide occurs more easily at the atomization temperatures employed here. This effect could explain the difference in the atomization curves between iron and nickel as shown in Fig. 1 . Figure 2 shows a temporal change in the gas temperatures, which were estimated each from the line pairs of nickel and iron, at the atomization stage where the temperature was set at 2973 K after a charring stage had been conducted at a temperature of 973 K for 30 s. The programmed variation in the furnace temperature is also indicated in Fig. 2 by using a straight line; the wall temperature was elevated from 973 K were employed, and each sample solution of 2.0 × 10 -5 dm 3 was injected in the furnace. Their gas temperatures are varied in a similar manner: they are elevated with the progress of the atomization and then reach each maximum. The maximum peak of the gas temperature, which was estimated from the iron lines (the iron gas temperature) appears at a duration time of ca. 1.3 s, whereas that of the gas temperature, which was estimated from the nickel lines (the nickel gas temperature), is slightly shifted and broadened towards longer duration time. Both of them are lower than the wall temperature. It should be noted that the gas temperatures decrease down to 500 -1000 K at the closing stage of the atomization, whereas the furnace wall is maintained at 2973 K. This phenomenon can be understood by considering both the temperature distribution in the furnace and the spatial distribution of iron or nickel atoms with the progress of the atomization. 11 The wall temperature is varied with the atomizing-duration time and thus becomes inhomogeneous at different portions; therefore, the gas temperature would involve overall information along with the optical path of incident radiation, implying that the diffusion of iron or nickel atoms could determine the gas temperature measured. Figure 3 illustrates a schematic diagram concerning the vaporization and subsequent diffusion of iron and nickel atoms in a graphite furnace. Radiant heating of the atomospheric gas would not follow a rapid change in the wall temperature occurring for a short ramp time, thus leading to a disagreement between the wall and the gas temperatures. In addition, the furnace wall should have a lower temperature at the edge portions compared to the central portion because the graphite furnace was a longitudinally-heated furnace; thereby the atmosphere gas also has a lower temperature at the edge of the furnace. With the progress of the atomization, iron and nickel atoms are released from the charred sample and diffuse towards the edge portion of the furnace. These atoms can absorb characteristic radiation and yield information on the gas atmosphere in which they are involved. When the atomization stage lasts, some of these atoms are excited at the lower gas temperature of the edge portions. As a result, the gas temperature tends to decrease at the closing stage of atomization. As shown in Fig. 2 , the nickel gas temperature decreases more slowly than the iron gas temperature with the progress of the atomization, regardless of the same heating conditions. This effect is probably because the atomization of nickel occurs slightly delayed and slowly compared to the iron atomization. The reason for this can be explained by the difference in the formation free energy between the nickel oxide (NiO) and the iron oxide (Fe2O3) against a reduction with graphite carbon: NiO is less reduced with graphite carbon than Fe2O3 at temperatures of more than 1000 K, which can be estimated from changes in the formation free energy of each chemical reaction. 15 Accordingly, nickel atoms continues to be ejected into the central portion of the furnace for a longer duration time, leading to the higher gas temperatures.
Results and Discussion
Figures 4 and 5 show variations in the gas temperatures when the atomizing temperature becomes higher (3173 K) or lower (2473 K) than that in Fig. 2 . The measuring conditions, except for the atomizing temperature, were the same as in Fig. 2 . When the atomizing temperature is higher (3173 K), the maximum peak of the nickel gas temperature is more shifted towards longer duration time and the temperature reaches to be higher than the iron gas temperature. This effect implies that the gas temperature can be elevated with increasing duration time towards the closing stage of the atomization, when the furnace wall is much heated. It is considered that nickel atoms can stay in a portion of the furnace effective for the atomic absorption for longer duration time rather than iron atoms, even under the same heating conditions. When the atomizing temperature is lower (2473 K), the maximum peak of the nickel gas temperature almost disappears and gradually decreases for a prolonged duration time. This effect would be because a gradual atomization of nickel atoms would continue to occur during the atomization stage. It is considered in this case that the nickel species after charring cannot be instantly reduced and thus continues to be released into the furnace gradually, because the wall temperature is not high for the nickel oxide enough to be reduced with graphite carbon.
Conclusions
The gas temperature in a graphite atomizer for GF-AAS was estimated with the two-line method using both iron atomic lines and nickel atomic lines with a multi-channel atomic absorption spectrometer. The gas temperatures at the atomization stage were lower than the atomizing temperature in the temperature program. Also, their temporal variations at the atomization stage were not the same when iron and nickel were employed as the probe element. It should be noted that changes in the gas temperature are determined not only by the temperature distribution of the atomizer wall, but by the spatial distribution of iron/nickel atoms through their diffusion at the atomization stage, because the gas temperature is estimated along the optical path of incident radiation through the cental as well as the edge portions of the furnace. Iron and nickel oxides, which would be formed in the atomizer after the charring stage, have to be reduced before the atomization, and the iron oxide is reduced more easily by graphite carbon than the nickel oxide at atomizing temperatures of more than 1000 K. Therefore, the atomization of the nickel species begins slightly behind the iron species. This process would be important for determining any variations in the gas temperature at the atomizing stage, because it could control the distribution of these probe elements both spatially and temporally. A higher atomizing temperature is suitable for the determination of nickel in GF-AAS, because the nickel species rather than the iron species are atomized more gradually with increasing gas temperature. The two-line method is a remote-sensing and rapid-response technique; thus, it can provide useful information on various transient processes occurring in a graphite furnace in GF-AAS. 
